Pulmonary hypertension (PH) is associated with impaired production of the vasodilator nitric oxide (NO). Riociguat (BAY 63-2521) acts directly on soluble guanylate cyclase, stimulating the enzyme and increasing sensitivity to low NO levels. This study evaluates riociguat safety, tolerability and efficacy in patients with moderate-to-severe PH (pulmonary arterial hypertension, distal chronic thromboembolic PH or PH with mild-to-moderate interstitial lung disease).
Introduction
Pulmonary arterial hypertension (PAH) defines a group of conditions characterized by increased pulmonary vascular resistance (PVR), leading to reduced right heart function and eventual heart failure [1] . It is a progressive disease with an extremely poor prognosis; if left untreated, median life expectancy following diagnosis is 2.8 years [2] . Although rare in the general population (15−52 cases per million [3, 4] ), its prevalence increases in association with certain conditions. For example, PAH is diagnosed in approximately 0.5% of patients infected with HIV [5] , 8−29% of patients with scleroderma [6, 7] and 11−32% of patients with sickle cell disease [8, 9] .
PAH is caused by pulmonary vasoconstriction with vascular remodelling, formation of plexiform lesions and in situ thrombosis, which occur in response to aberrant production of a number of signalling factors. Expression of the vasoconstrictor endothelin is increased, while production of vasodilators such as prostacyclin and nitric oxide (NO) is decreased [10] . In healthy individuals, endothelial cell-derived NO acts on smooth muscle cells to induce vasodilation by increasing production of the second messenger cyclic guanosine monophosphate (cGMP) via activation of soluble guanylate cyclase (sGC) [11, 12] .
Recent years have seen substantial progress in the treatment of PAH, with the development of palliative therapies that target the NO, endothelin and prostacyclin signalling pathways to promote vasodilation. However, although these developments have improved outcomes for patients with PAH, survival rates and quality of life remain relatively low [13] .
Treatment of PH with NO releasing agents such as nitrates failed to produce beneficial long-term effects, as in most cases negligible pulmonary vasodilatation was counterbalanced by significant peripheral reduction in vascular resistance and reflex tachycardia [14] , which are poorly tolerated by patients with severe PH. Inhaled NO is widely used as a short-term vasodilator to identify so-called responders to calcium channel blockers [15] . The long-term use of NO, however, is hampered by technical problems of administration, and life-threatening rebound PH can occur following interruption or discontinuation of NO inhalation [14] . An alternative therapeutic strategy targets downstream components of the NO signalling pathway by inhibiting phosphodiesterase-5, which regulates the conversion of the second messenger cGMP to GMP [16] . Sildenafil has been the lead substance in this group of agents, showing both acute and long-term beneficial effects in patients with PAH [17, 18] . However, phosphodiesterase-5 inhibition is not effective in all patients with PH [19] . The full therapeutic potential of the NO signalling pathway therefore remains to be exploited.
Riociguat (BAY 63-2521) offers a new mode of action for the treatment of PAH: in preclinical studies, it has been shown to stimulate sGC directly, increasing the enzyme's activity independently of NO while also increasing sensitivity to low levels of NO. Treatment of two rodent models of pulmonary hypertension (PH) with riociguat reduced pulmonary arterial pressure and partially reversed cardiac hypertrophy and vascular remodelling [20] . The aim of this clinical study was to evaluate the short term safety profile, tolerability and efficacy of riociguat in patients with moderate to severe pulmonary hypertension.
Methods

Patients
Male and female patients aged 18−80 years were eligible for inclusion if they had a mean pulmonary vascular resistance (PVR) > 300 dyn.s/cm 5 Patients were excluded from the study if they had any of the following: pre-existing lung diseases (other than interstitial lung disease as defined in the protocol), significant left heart dysfunction, significantly impaired gas exchange (partial pressure of carbon dioxide in arterial blood [PaCO 2 ] > 55 mmHg), deficiencies of blood coagulation or evidence of latent bleeding risk, sickle cell anaemia, peripheral organ dysfunction or immunodeficiencies. Women with childbearing potential were excluded if they were not using a reliable contraceptive measure. Patients were also excluded if they had participated in another study during the thirty days preceding the current study, or if they had undergone previous therapeutic radiation of lung or mediastinum. During the trial, use of medication other than the investigational product was permitted only after consultation with the investigator, and all concomitant medications were documented.
Study design
Riociguat was administered in the morning after a fasting period of at least 8 h. The study protocol and any substantial amendments were approved by the
Bundesinstitut für Arzneimittel und Medizinprodukte (BfArM) and the Ethics
Committee of the University of Giessen Medical Faculty. Each patient gave written informed consent.
Safety and tolerability
Safety and tolerability were evaluated using standard vital sign and laboratory biochemistry. The subjective tolerability of riociguat was evaluated by questioning the subjects about adverse events or by spontaneous reporting of adverse events.
Clinical adverse events were classified according to their degree of severity (mild, moderate or severe), and it was also noted whether or not they were serious. Patients were assessed for 48 h following administration of riociguat.
Pharmacodynamics
The pharmacodynamic effects of the drug were assessed using Swan-Ganz catheterization, blood gas measurements and multiple inert gas elimination technique (MIGET) as described previously [21] .
Swan-Ganz haemodynamic measurements included direct measurements such as To assess the relationship between riociguat plasma concentration and the effect on PAP, SBP, PVR, SVR, and cardiac index (measured as the ratio to baseline), Spearman's rank correlation coefficients along with 95% confidence intervals were calculated for each parameter and all subjects.
Pharmacokinetics
Riociguat plasma concentrations were determined by HPLC-MS assay, using blood Apparent volume of distribution during terminal phase after oral administration (Vz/f) and total body clearance of drug from plasma after oral administration (CL/f) were also calculated.
The influence of riociguat dose on pharmacokinetic parameters was assessed by performing an explorative analysis of variance (including factor "dose") on the logtransformed values of AUC norm and C max,norm in the single-dose study.
Results
Patient demographics
Patient demographics are summarized in Supplementary Table 1 (available online) .
There was no clinically relevant difference in patient demographics between study part A and part B. Patients enrolled in part B showed no statistically significant differences in age, height, weight or body mass index between dose groups. The 1 mg dose group had a higher proportion of women than the 2.5 mg dose group.
Medications used by patients prior to the study are presented in Supplementary Table   2 .
Safety and tolerability
No serious adverse events occurred in this study (Table 1) . Overall, six mild adverse events were documented in 4 of 19 patients, all of which had resolved by study completion. Three adverse events were considered to be drug-related and attributable to the pharmacological properties of the test compound.
Riociguat at a dose of ≤ 2.5 mg had no clinically relevant effects on vital signs, electrocardiograms or laboratory values, and no major changes were noted in blood gases (PaO 2 , PaCO 2 , blood oxygen saturation) or ventilation-perfusion matching.
Riociguat was well tolerated up to 2.5 mg, whereas a total dose of 5 mg in part A caused asymptomatic hypotension in one patient. Therefore, a 2.5 mg dose was used
in part B to demonstrate efficacy; 1 mg was chosen to test for the first effect level.
Pharmacodynamics
Baseline pharmacodynamic parameters are shown in Table 2 . Inhaled NO led to small, non-significant reductions from baseline in mPAP, SBP, PVR, and SVR, and no relevant changes were observed for cardiac index or heart rate ( Figure 2) . mPAP, SBP, PVR and SVR showed a similar maximum decrease in response to NO inhalation in both 1 mg and 2.5 mg dose groups.
Both 1 mg and 2.5 mg doses of riociguat caused clinically relevant and statistically significant reductions from baseline in mPAP, PVR, SBP and SVR to a similar extent.
A clinically relevant and statistically significant increase in cardiac index was also observed with both doses (P between 0.0151 and <0.0001, Figure 2) , whereas a significant increase in heart rate was only observed in the 2.5 mg dose group. Both doses of riociguat were superior to NO in reducing PVR, SBP and SVR and increasing cardiac index (P between 0.0220 and <0.0001, Figure 2 ), and the 2.5 mg dose was superior to NO in reducing mPAP (P = 0.0341; Figure 2a ). Riociguat had a similar effect in patient subgroups with PAH or chronic thromboembolic PH, significantly increasing cardiac index to a greater extent than NO (Figure 3 ).
Riociguat plasma concentrations correlated significantly with the reductions in mPAP, SBP, PVR and SVR, and the concomitant increase in cardiac index (Table 3 , Figure   4a ). Neither dose of riociguat produced any deterioration in gas exchange or ventilation/perfusion matching (as measured by MIGET), despite causing strong pulmonary vasodilation (Supplementary Table 3 ).
Pharmacokinetics
Following single-dose administration of riociguat solution, plasma concentrations of riociguat showed dose-dependent increases with pronounced inter-individual variability ( Figure 4b ). Peak concentrations of riociguat were reached after 0.25 to 1.5 h, and its half-life was between 10 and 12 h (Table 4) . C max and AUC values for riociguat suggested dose proportionality for the 1 mg and 2.5 mg doses (Table 4) ; this was supported by analysis of variance results which showed that factor dose had no influence on either parameter (AUC norm , P = 0.7559; C max,norm , P = 0.6128).
Discussion
In this proof-of-concept study in patients with PAH, distal chronic thromboembolic PH or PH associated with mild to moderate interstitial lung disease (mean PVR > 300 dyn.s/cm 5 ), doses of 1 mg or 2.5 mg of riociguat significantly reduced PVR and also improved PAP and CI in a concentration-dependent manner. Both doses demonstrated greater potency and duration of action than inhaled NO, which had a small, statistically insignificant effect in our study, consistent with the fact that a substantial proportion of PH patients does not respond to NO inhalation [22] . Neither dose of riociguat produced any deterioration in gas exchange or ventilation/perfusion matching, despite strong pulmonary vasodilation.
Riociguat had a favourable safety profile, with a single dose of 2.5 mg being well tolerated. A total dose of 5 mg administered in hourly increments gave rise to asymptomatic hypotension in one patient in part A; therefore, subsequent tests were limited to a maximum dose of 2.5 mg. The favourable safety profile observed in the present study is in agreement with a previous phase I study, in which riociguat at oral doses of up to 5.0 mg was well tolerated by healthy male volunteers [23] .
Oral riociguat was effective in the current study, thus offering the patient a simple and convenient mode of administration. Oral therapies currently approved for the treatment of PAH comprise ERAs and phosphodiesterase-5 inhibitors. Although these therapies have helped to improve the prognosis for patients with PAH, survival rates remain relatively poor [13] , suggesting that a new approach is required. In addition, ERAs are associated with an increased risk of hepatotoxicity [24] . Riociguat did not demonstrate any hepatotoxicity in the current short-term study, supporting previous work in experimental models and human volunteer studies [23] : no significant abnormalities in laboratory values were recorded in association with the trial, apart from one case of slightly elevated glutamate dehydrogenase, pre-existent in a patient who had been treated with ERAs before the study and who had a history of intermittent increases of liver enzymes.
The phosphodiesterase-5 inhibitor sildenafil is widely-used and well-tolerated as a therapy for PAH, and has demonstrated a degree of pulmonary selectivity despite being administered orally [25] , presumably due to the relatively high expression of phosphodiesterase-5 in the lung [26] . However, its efficacy is dependent on the presence of an intact NO-sGC-cGMP axis [27] , and may be limited in the presence of low levels of NO; sildenafil blocks degradation of cGMP and thus depends on the presence of NO stimulating sGC, in contrast to riociguat which can increase cGMP synthesis in the absence of NO. Although various doses of sildenafil (20−80 mg TID)
were used in the SUPER-1 trial [18] , and the bulk of long-term experience with this drug is with doses of more than 20 mg TID, agencies have only approved the lowest dose of 20 mg TID for long-term treatment, which could be too low for some patients [16] . The synergistic action of riociguat with low levels of NO may provide a means to increase cGMP levels and thus promote vasodilation in combination with sildenafil or in patients who do not respond to sildenafil, while also ensuring maintenance of ventilation/perfusion matching.
Riociguat significantly reduced SBP and SVR in the current study and therefore did not demonstrate pulmonary selectivity although, interestingly, the systemic vasodilation was not accompanied by any relevant side effects (Table 1 ). This may have been due to a compensatory increase in cardiac output. Although the observed systemic effects of riociguat were asymptomatic in this short-term study of supine patients, its long-term effect on mobile patients may be more significant and must be examined in future studies.
The current study has certain limitations, for example the small and heterogeneous patient population exposed to the drug, lack of a placebo group and the observation of short-term effects only. In addition, plasma cGMP levels, which would have provided information regarding the direct effect of riociguat on sGC activity, were not assessed.
Nevertheless, the results of the study present riociguat as a promising novel therapeutic principle which warrants further investigation.
Direct NO-independent stimulation of sGC and sensitization of sGC to low levels of endogenous NO may offer distinct advantages over current therapeutic approaches and opens access to a completely new class of drugs for cardiovascular indications [28] . Riociguat stimulates the NO target sGC directly to create a strong vasodilatory effect irrespective of integrity of endothelial function and NO production, and also acts synergistically in the presence of NO, thus offering a new mode of action for the treatment of PH. In this study, convenient oral doses of riociguat demonstrated efficacy, tolerability and durable action, with no deterioration in gas exchange.
Comparison of this promising drug with established therapies such as sildenafil, and assessment of its efficacy as an add-on therapy or in patients who do not respond to existing treatments, would be of great interest in future studies.
In conclusion, this study demonstrates the efficacy of riociguat in lowering pulmonary was measured by the F statistic (*P < 0.05; † P < 0.01; ‡ P < 0.001; § P < 0.0001).
Rio, riociguat; NO, inhaled nitric oxide. Statistical significance was measured by the F statistic (*P < 0.05; † P < 0.01; ‡ P < 0.001; § P < 0.0001). No significant differences in response to drug were observed between the two disease entities. Rio, riociguat; NO, inhaled nitric oxide. Tables   Table 1 . Treatment-emergent adverse events and possible relationship to study drug. 
